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Abstract 

A study of the resistively detected nuclear magnetic resonance (RDNMR) lineshape in the vicinity of u = 1 was performed 
on a high-mobility 2D electron gas formed in GaAs/AlGaAs. In higher Landau levels, application of an RF field at the 
nuclear magnetic resonance frequency coincides with an observed minimum in the longitudinal resistance, as predicted by the 
simple hyperfine interaction picture. Near v = 1 however, an anomalous dispersive lineshape is observed where a resistance 
peak follows the usual minimum. In an effort to understand the origin of this anomalous peak we have studied the resonance 
under various RF and sample conditions. Interestingly, we show that the lineshape can be completely inverted by simply 
applying a DC current. We interpret this as evidence that the minima and maxima in the lineshape originate from two 
distinct mechanisms. 
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1. Introduction 

Resistively detected nuclear magnetic resonance 
(RDNMR) has emerged as a powerful tool for study- 
ing the integer and fractional quantum Hall states 
in 2D electronic systems [1,2,3,4,5]. This relatively 
new technique directly exploits the hyperfine inter- 
action between the 2D electron gas (2DEG) and 
surrounding nuclear spins, allowing us to probe the 
many fascinating 2D electronic features (crystalline 
spin texture, quantum transport dynamics, compos- 
ite boson/fermion particle formation) in a novel way. 
However, while RDNMR offers the potential to gain 
new insight into a wide range of interesting many 
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body electron physics, several features of the measured 
signal remain unexplained [1,6]. 

It was first demonstrated almost 20 years ago that 
electron/nuclear spin interactions in the Quantum Hall 
Effect (QHE) regime can be observed in the longitudi- 
nal resistance [7,8]. Electrons couple to the nuclei via 
the contact hyperfine interaction, AIS, such that un- 
der the application of an external magnetic field, B, 
the total electronic Zeeman energy is given by 

Ez=g*fJ.BBS z +A(I z )S z (1) 

where g* is the effective electronic g factor, S z is the 
electron spin along the field direction, A is the hyerfine 
coupling constant, and (I z ) is the nuclear spin polar- 
ization. 
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In the thermally activated regime the longitudinal 
resistance is given by R xx oc e ~ A ^ 2kBT , where the en- 
ergy gap, A, depends on the Zeeman energy. We can 
rewrite the Zeeman energy as Ez = g* Hb(B + Bn)S z , 
where Bn — A(I Z ) / f g* \ib defines the effective nuclear 
magnetic field seen by the electrons (Overhauser shift). 
In this way we see that the longitudinal resistance is de- 
termined in part by the hyperfine interaction coupling, 
and is therefore sensitive to variations in the nuclear 
field. 

Since the effective g-factor in GaAs is negative (g* — 
—0.44), the nuclear field, Bn, is opposite to the ap- 
plied field, B, reducing the Zeeman energy. Applying 
transverse radiation at resonance destroys the nuclear 
polarization (i.e. destroying Bat), which therefore in- 
creases the Zeeman gap. At odd filling factor, for ex- 
ample, where A varies directly with the Zeeman gap, 
this results in a corresponding decrease in the measured 
R xx , and thereby gives a means to resistively detect the 
nuclear magnetic resonance condition. 

While such a minima is measured at nearly all in- 
teger and fractional filling factors in GaAs/AlGaAs 
quantum hall samples, in the vicinity of v — 1 an 
anomalous "dispersive" lineshape is observed, where 
on resonance the usual resistance minima is followed by 
a secondary resistance maxima at slightly higher RF 
frequency [1,9, 10]. In an effort to understand the ori- 
gin of this anomalous peak, which remains unexplained 
by the simple contact hyperfine interaction picture, we 
studied the resonance lineshape near v — 1 under var- 
ious RF and sample conditions. 



2. Experiment 

Resistively detected NMR was performed on a rela- 
tively low density (1.60(1) x 10 11 cm -2 ), high mobility 
(fi ~ 17 x 10 6 cm 2 V _1 s _1 ), 2DEG confined to a 40 nm 
wide modulation-doped GaAs/AlGaAs quantum well. 
The sample was cooled in a dillution refrigerator (base 
temperature ~17 mK) equipped with a 9 Tesla mag- 
net. Treatment with illumination from a red LED was 
used during the initial cool down. Cooling the elec- 
trons in the 2DEG was achieved by thermally anchor- 
ing the sample leads to the fridge via powder and RC 
low pass filters. RuO and CMN thermometry, both cal- 
ibrated by a fixed point device, were used to monitor 



the fridge and sample temperatures. Resistance mea- 
surements were performed under quasi-dc conditions 
(I — 10 nA, / = 13.5 Hz) using a standard lock-in 
technique. 
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Fig. 1. (a) Longitudinal resistance versus magnetic field 
at T=17 mK. Typical RDNMR signals are shown inset at 
filing factors (b) v ~ 3.10, and (c) v ~ 0.87 

All NMR measurements were performed at fixed 
field with the RF frequency swept through resonance 
at constant RF power. RF radiation was applied 
transverse to the static B field using an 8 turn coil 
around the sample. The RF frequency sweep rate was 
300 Hz/3 sec. The RF power amplitude is quoted by 
a decibel scale where OdBm would correspond to a 
440 mVpk-pk sine wave applied to the top of the cryo- 
stat. We typically shine a -13dBm signal which we 
estimate gives a few /xT field radiated at the sample. 
At these RF conditions non resonant electron heating, 
determined by the corresponding change in the mag- 
netoresistance, was measured to be ~35 mK above 
the bath temperature (at base). A magnetotransport 
measurement at base temperature is shown in Fig. 1, 
with typical RDNMR signals shown in the inset. 



3. NMR lineshape near v = 1 

Fig. 2 shows the resistively detected NMR lineshape 
in the vicinity of v — 1 under various sample and RF 
conditions. In all cases, the resonance condition of the 
75 As nuclei was chosen since this is the most abundant 
isotope in GaAs and thus gives the strongest signature. 
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Fig. 2. (a)NMR lineshape dependence on (a) filling factor 
(T e ~ 55 mK, RF power = -13dBm); (b) bath temperature 
(y ~ 0.85, RF power = -17dBm); and (c) applied RF power 
[y rsj 0.85). (inset shows the evolution of the normalized 
minima and maxima heights vs power) 

Increasing the RF power causes an increase in the 
electron temperature (seen by a corresponding increase 
in the measured K xx ). However, the lineshape evo- 
lution versus RF power (Fig. 2c) shows different be- 
haviour to that observed when changing the bath tem- 
perature at fixed RF power (Fig. 2b). In Fig. 2b, as the 
bath temperature is increased from 38 mK to 81 mK, 
the signal goes from a dispersive like shape, to a min- 
ima only, before vanishing altogether. Conversely, as 
the applied RF power is increased (Fig 2c) the signal 
goes from a lineshape in which the minima dominates 
to a strongly dispersive shape. Increasing the strength 
of the transverse RF field radiated on the sample, in 
the regime where the field is already quite small, can 
more efficiently destroy the nuclear polarization, caus- 
ing a larger change in the Zeeman gap at resonance 
and thus a larger measured response in the resistivity. 
However, non-resonant heating caused by application 
of the RF radiation will naturally diminish nuclear po- 
larization, which follows a Boltzman temperature dis- 
tribution. Likely, a competition between these two ef- 
fects gives rise to the two different trends observed. 

Kodera et al recently published a study of the dis- 
persive lineshape as a function of filling factor and sam- 
ple temperature [10] . While the same qualitative obser- 
vations are reproduced here, the details differ. Kodera 
found the lineshape to transition from dispersive to 



a minima upon moving away from v — 1, in agree- 
ment with the trend shown in Fig. 2a. However, Kodera 
shows a dispersive shape persisting all the way to v ~ 
0.82 whereas here the signal shows a strong lorentzian 
shaped minima at v ~ 0.84. Similarly, Kodera finds 
the NMR signal diminishing to zero beyond ^200 mK 
bath temperature, whereas here, at a similar filling fac- 
tor, the signal dies out at a much lower temperature 
of ^100 mK. Differences between these two studies 
might simply be sample dependent, as the 2DEG ex- 
amined here has a much higher mobility. However this 
might also be attributable to differences in the ampli- 
tude of the transverse RF field. For example, while we 
found that increasing the RF power changes the reso- 
nance from a minima to dispersive shape, the RF am- 
plitude where this transition occurs varies with filling 
factor. We also found that the RDNMR signals persist 
to higher temperature when applying higher RF power. 



4. Current induced lineshape inversion 

In a recent study, Tracy et al. argued the disper- 
sive lineshape could be understood from the perspec- 
tive of electronic temperature [9] . They found that as 
the filling factor was changed through a region where 
dR xx /dT changes sign, the shape of the signal under- 
goes an inversion. Since the lineshape so closely tracks 
the change of sign in dR xx /dT, it was argued the sig- 
nal results from a cooling of the electron gas on the low 
frequency side of the resonance, followed by a heating 
on the high frequency side. However, the mechanism 
causing cooling versus heating around the resonance 
remains unexplained. 

Fig. 3 shows the NMR signal as a function of applied 
DC current at fixed filling factor (y ~ 0.84). Note that 
the signal at Id c — nA is the same "minima only" 
signal shown in Fig. 2a. Application of a DC current 
heats electrons in the 2DEG which results in a nar- 
rowing of the of the QHE plateaus. Sweeping the DC 
current at a fixed filling factor therefore causes R xx to 
vary in a correlated way. This is shown by the circles in 
Fig. 3c, which indicate the off resonance value of K xx 
as a function of current. At ld c = we are already high 
on the flank of the v — 1 plateau (y ~ 0.84). As the 
current is increased, the plateau beings to collapse and 
the R xx peak shifts to the left (lower magnetic field). 
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Fig. 3. (a)2D contour map showing inversion of the NMR 
signal with increasing DC current, (b) Evolution of the 
NMR lineshape at selected DC current values, (c) Squares 
and triangles indicate the size of the minima and maxima 
signals with increasing current. Circles indicate the corre- 
sponding off-resonant longitudinal resistance. All data at 
v ~ 0.84, and bath temperature of ~27 mK 



Correspondingly, the measured magnetoresistance first 
increases to the height of the shifting peak, then be- 
gins to fall. The most striking effect of increasing the 
current is a complete inversion of the NMR signal. 

Examining the evolution of the inversion, shown in 
Fig. 3b, reveals several interesting features. Impor- 
tantly, the position in frequency of the inverted max- 
ima does not coincide with the initial minima, being 
shifted downwards by ~10 kHz, which is of order of 
the expected Knight shift in this filling factor region. 
Furthermore, the peak appears to develop alongside 
the minima, giving a dispersive lineshape over a range 
of nearly 200 nA DC current (centered around ^400 
nA). It has been well established that applying a DC 
current to quantum hall samples heats the 2DEG such 
that for a given applied current, the shape of the QHE 
magnetoresistance can be reproduced by heating the 
bath with negligible current applied [11,12]. Therefore, 
the sign of the current dependance of the magnetore- 
sistance should correlate directly with its temperature 
dependance. The current induced signal inversion ob- 
served here occurs in a transitional region, near ~ 400 
nA, where dR xx /dI (and therefore dR xx /dT) is always 
negative, and thus does not seem to coincide directly 



with any sign change in dR xx /dI (dR xx /dT). 

It should be noted that the data presented here was 
acquired at constant applied field Ho and so the reso- 
nance condition is expected to remain unchanged since 
the NMR frequency is given simply by /nmr = jH 
(7 is the gyromagnetic ratio of the nuclei) . The sizable 
shift in the position of the resonance, together with the 
evolution from a minima only, to dispersive, to maxima 
only lineshape, suggests this inversion is not a simple 
temperature correlated flip of the signal, but instead 
the result of a more complex process, possibly involv- 
ing two distinct mechanisms. Most likely, the minima 
can be understood by the hyperfine interacting pic- 
ture, whereas the shifted maxima appears to be highly 
specific to the sample condition, and filling factor. Fur- 
thermore, despite the significant heating caused by the 
applied DC current (the effective electronic tempera- 
ture at Idc = 800 nA was estimated to be ^130 mK) 
the NMR signal remains surprisingly strong, with the 
AR XX /R XX measured at ld c = 800 nA nearly 1.5 times 
larger than at Idc = nA. This is taken as further ev- 
idence that the maxima arises from a distinct process 
than the minimum. A study is ongoing in an effort to 
investigate and deconvolve the effect of the DC current 
and the resulting electron heating. 



5. Conclusion 

A study of the resistively detected NMR lineshape 
in the vicinity of v — 1 found that the anomalous "dis- 
persive" shape depends in an interrelated way on the 
filling factor, sample temperature, and on the strength 
of the applied transverse RF field. We further show 
that at fixed filling factor near v — 1, inversion of the 
RDNMR signal can be achieved by the application of 
sufficiently strong DC current, without loss in the sig- 
nal strength. 
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